was prepared for all experiments. We grew DH5α-ilux in overnight liquid cultures at 1 7 1 37°C to stationary phase and allowed them to cool down to room temperature before 1 7 2 inoculating onto NGM media for imaging. Serial dilution of the overnight liquid culture 1 7 3 shows roughly linear scaling with bacteria concentration (Figure 2A ). After 1 7 4 inoculating 20 μ L of overnight culture onto NGM media plates containing different 1 7 5 levels of peptone (regular peptone, 0.25% w/v; low peptone, 0.013% w/v; no 1 7 6 peptone, 0% w/v), bioluminescence signal was monitored for hours ( Figure 2B ) and 1 7 7 days ( Figure 2C ) at 20°C. As expected, signal is the highest on media with the 1 7 8 highest peptone concentration ( Figure 2B -C, blue lines) and lowest on no-peptone 1 7 9 media ( Figure 2B -C, black lines). On standard NGM (0.25% peptone), 1 8 0 bioluminescence increases for approximately one week and then decreases over 1 8 1 several days with no obvious stationary plateau ( Figure 2C , blue line); On the scale 1 8 2 of hours, there is an initial decrease in intensity over the first few hours followed by 1 8 3 an approximately 5-fold increase over the next day ( Figure 2B , blue line). This initial 1 8 4 decrease perhaps represents a lag phase of growth on solid media. Therefore, 1 8 5 bioluminescence signal strength from DH5α-ilux depends on a number of growth 1 8 6 conditions that affect bacterial metabolism, including temperature, peptone level, and 1 8 7 inoculation time. taken every 6 minutes using 1 second exposure. All samples shown were imaged simultaneously.
0 5
Here n = 6 for N2, n = 4 for DA1116, n = 2 for control, pooled from two independent sets of 2 0 6 experiments; error bars represent ± 1 SD. 2 0 7 2 0 8 We next compared the population feeding rates of the laboratory reference N2 strain 2 0 9 and DA1116, an eat-2 mutant with abnormal neurotransmission in the pharynx 2 1 0 (McKay et al. 2004 ) and that pumps slowly (Raizen, Lee, and Avery 1995). To take 2 1 1 into account different initial bioluminescence levels across experimental samples 2 1 2 ( Figure 2D ), we divide the signal in each condition by the level detected in the first 2 1 3 frame. This relative signal is then further normalised by the value of the 2 1 4 corresponding no-worm control at each time point to correct for the non-stationarity 2 1 5 of the signal in the absence of feeding ( Figure 2E ). Relative feeding rates are then 2 1 6 estimated by taking the derivative of the normalised signals over time ( Figure 2F ). 2 1 7
Since the normalisation is important for reliably estimating the feeding rate, we 2 1 8 recommend including no-worm controls whenever possible. 2 1 9 2 2 0
We show that both N2 and DA1116 worm strains deplete the food at a roughly 2 2 1 constant rate (Figure 2E -F) and that the median feeding rate from the first four hours 2 2 2 (before N2 runs out of food) for DA1116 is 27% that of N2. DA1116's reduced 2 2 3 feeding rate on solid media is consistent with previous reports of its slow pumping 2 2 4 (~10% that of N2 (Raizen, Lee, and Avery 1995)) and restricted food intake in liquid-2 2 5 based assays (~80% that of N2 as measured by optical density-based bacterial 2 2 6 clearing (Gomez-Amaro et al. 2015) and ~60% that of N2 as measured by luciferin 2 2 7 ingestion (Rodríguez-Palero et al. 2018) ). This experiment also confirms that the 2 2 8 signal from freshly inoculated overnight liquid culture is sufficient to estimate relative 2 2 9 feeding rates. For less sensitive imaging instruments, it would be possible to 2 3 0 incubate seeded plates for longer to obtain higher signal ( Figure 2C ). 2 3 1 2 3 2
We repeated the feeding experiments and analysis using OP50-GFP bacteria 2 3 3 (Supplementary Figure S1 ) instead of DH5α-ilux, and obtained similar results 2 3 4 showing that DA1116 feeding rate is 27% that of N2 despite a very different no-worm 2 3 5 control signal (Supplementary Figure S1A , black line). This highlights the importance 2 3 6 of normalisation using either bacteria labelling method. While the relative feeding 2 3 7 rate results are reassuringly similar between bioluminescence-and fluorescence-2 3 8 based methods, the fluorescence method shows a lower signal-to-background ratio 2 3 9 as well as high background levels (Supplementary Figure S1A ) that may complicate 2 4 0 analysis and interpretation when normalised (Supplementary Figure S1B- Figure S2A , blue and black lines). We observed a comparable 2 4 8 reduction in feeding rate using OP50-GFP bacteria as the food source 2 4 9
(Supplementary Figure S2B , blue and black lines). We confirmed serotonin was 2 5 0 having the expected effects on pumping rate (Supplementary Figure S2D ). However, 2 5 1 in serotonin-treated samples, a smaller number of worms reaches the bacterial lawn 2 5 2 (Supplementary Figure S2E -F), most likely due to serotonin's suppression of 2 5 3 locomotion (Horvitz et al. 1982) . Therefore, these results do not contradict previous 2 5 4 findings but highlight the multifaceted effects of serotonin and the essential role of 2 5 5 foraging in successful feeding. 2 5 6 2 5 7
In contrast to serotonin, the morphine antagonist naloxone has been reported to 2 5 8 decrease food intake in starved worms by acting on an opioid receptor expressed in 2 5 9 a sensory neuron (Cheong et al. 2015) . Naloxone treatment did result in a decreased 2 6 0 feeding rate as expected (Supplementary Figure S2A , red and black lines), but the 2 6 1 levels of bioluminescence were much lower than in naloxone-free controls 2 6 2 (Supplementary Figure S2C , left). We again confirmed that the feeding rate was 2 6 3 reduced using OP50-GFP bacteria (Supplementary Figure S2B , red and black lines). Bioluminescent bacteria reveal the spatial aspect of C. elegans feeding 2 7 0 behaviour 2 7 1 2 7 2 To gain insights into different C. elegans feeding strategies, we performed 2 7 3 experiments with the laboratory reference strain N2 and DA609, an npr-1 loss-of-2 7 4 function mutant. The former are solitary feeders whereas the latter are social, initially 2 7 5 forming worm aggregates on food and then collectively swarming over the food 2 7 6 patch following local food depletion (Ding, Schumacher, et al. 2019 ). Our feeding 2 7 7 experiments on DH5α-ilux bioluminescent bacteria show that DA609 and N2 2 7 8 populations both have stable feeding rates, and that DA609 has a feeding rate that is 2 7 9 58% that of N2 ( Figure 3A-B ). Experiments with OP50-GFP fluorescent bacteria also 2 8 0 show a relative feeding rate of 58% (Supplementary Figure S3 ). Thus the social 2 8 1 feeders have a lower feeding rate than the solitary ones despite similar pharyngeal circles) depleting food within the cluster first before moving onto new food.
2 9 4 2 9 5
Bioluminescence imaging also provides spatial information and we examined the 2 9 6 pattern of food depletion between the two feeding strategies and noted major 2 9 7 differences. While N2 worms show gradual depletion of the whole food patch roughly 2 9 8 uniformly ( Figure 3C , top row; Supplementary Movie S1, middle row), DA609 worms 2 9 9 deplete food in a highly localised manner starting at one point and sweeping over the 3 0 0 surface ( Figure 3C , bottom row; Supplementary Movie S1, top row). These foraging 3 0 1 behaviours observed here by bacterial depletion are consistent with our previous 3 0 2 results in which worms were imaged directly (Ding, Schumacher, et al. 2019 ). 3 0 3 3 0 4 Moreover, we noticed that when DA609 worms initially aggregate they are covered in 3 0 5 bacteria ( Figure 3C -D, 30 min panels) and that the cluster stays in roughly the same 3 0 6 place ( Figure 3C -D, red circles) until the in-cluster bacteria are completely 3 0 7 consumed. This observation fits well with the distinct "aggregation" versus 3 0 8 "swarming" phases that we previously reported for DA609 (npr-1) aggregation (Ding, 3 0 9
Schumacher, et al. 2019), suggesting that minimal cluster movement during the 3 1 0 "aggregation" phase is due to the initial food availability inside the cluster. By 3 1 1 contrast, the total depletion of bacteria inside the aggregate before collective 3 1 2 movement starts is difficult to detect from the recordings of worms feeding on 3 1 3 fluorescent bacteria, because the moving worm cluster is still fluorescent ( Figure 1A , 3 1 4 last panel; note the aggregation timescale is different for this experiment because 3 1 5 OP50-DsRed bacteria were diluted). As mentioned previously, the source of this 3 1 6 signal is unknown, but the bioluminescence results suggest that it is not due to 3 1 7 residual metabolically active bacteria that adhere to the worm surface. 3 1 8 3 1 9
Large-scale C. elegans swarms form a stable moving front on food 3 2 0 3 2 1
To study the behaviour of larger populations of swarming worms, we imaged 3 2 2 thousands of young adult N2 worms feeding on larger 500 μ L patches of DH5α-ilux 3 2 3 bacteria and observed coherent swarming as the migrating worm front consumes the 3 2 4 bacterial lawn in a single pass ( Figure 4A ; Supplementary Movie S2). Similar results 3 2 5 were seen using OP50-GFP, although the fluorescent background remains after the 3 2 6 front has passed (Supplementary Figure S4A ; Supplementary Movie S3). Bacterial 3 2 7 signal during swarming can be quantified using the same analysis methods as in 40- Large populations of DA609 worms also swarm ( Figure 4E ). By overlaying the 3 4 1 bioluminescence channel ( Figure 4D -E, middle) with the bright field images ( Figure  3 4 2 4D-E, left), it is clear that only worms at the leading edge of the migrating front are in 3 4 3 contact with bacteria regardless of the worm strain ( Figure 4D-E, right) . We 3 4 4 confirmed these results using OP50-GFP bacteria (Supplementary Figure S4) , 3 4 5 although the bacterial gradient is less obvious due to background fluorescence. Our 3 4 6 results are similar to those in a recent study reporting a bacterial gradient in 3 4 7 swarming C. elegans using OP50-GFP (Demir, Yaman, and Kocabas 2019). Finally, 3 4 8 DA609 swarms form pronounced finger-like projections at the leading edge of the 3 4 9 migrating front that protrude into the bacterial lawn ( Figure 4E ; Supplementary Movie 3 5 0 S4; Supplementary Figure S4E ) .  3  5  1  3  5  2  3  5  3  DISCUSSION  3  5  4  3  5  5 We have developed C. elegans feeding assays using bioluminescently labelled 3 5 6 bacteria. This method allows simultaneous quantification of food intake and 3 5 7 visualisation of food distribution, which are both important aspects of C. elegans 3 5 8 feeding behaviour even though food intake has previously received greater attention. 3 5 9
We show that a bioluminescence-based method results in higher signal-to-3 6 0 background ratios that simplify analysis and interpretation compared to fluorescence- The reduction in bioluminescence that results from naloxone treatment illustrates 3 7 4 both a limitation and a possible advantage of using a signal that requires active 3 7 5 bacterial metabolism. On the one hand, if the signal is completely abolished then 3 7 6 measurement is impossible. On the other hand, knowing that a given treatment 3 7 7 affects bacterial physiology may be useful information in interpreting any observed 3 7 8 feeding differences, since drug effects on bacteria are known to also affect host 3 7 9 physiology (Cabreiro et al. 2013; Scott et al. 2017; García-González et al. 2017 ). 3 8 0 Another limitation of our method is its sensitivity: we were unable to detect single 3 8 1 worm feeding, although this is likely to be possible using a higher magnification 3 8 2 imaging system .  3  8  3  3  8  4 Wild C. elegans strains aggregate and feed in groups when grown in the lab much 3 8 5 like the npr-1 mutants studied here, while the N2 laboratory reference strain are 3 8 6 solitary feeders (de Bono and Bargmann 1998). The most commonly cited 3 8 7 hypothesis to explain why wild isolates aggregate is that aggregation is useful to 3 8 8 avoid high oxygen environments that represent oxidative stress, UV damage and 3 8 9 desiccation risks (Busch and Olofsson 2012; Rogers et al. 2006 ). Based on our 3 9 0 observations that DA609 worms clear bacteria inside clusters before moving onto 3 9 1 new regions of the lawn (Figure 3C-D) , and that in larger swarms only the leading 3 9 2 edge is in contact with bacteria ( Figure 4E -F), we hypothesise that collective feeding 3 9 3 may in fact be a kind of hygienic behaviour in C. elegans that could reduce the risk of 3 9 4 infections occurring through cuticle attachment. 3 9 5 3 9 6 3 9 7 3  9  8  3  9  9 Reagent Table  4 6 5 Bioluminescence or fluorescence raw signals (photons/s) from imaging data were 5 0 1 extracted from user-defined regions of interest using Living Image software (v 4.3.1). 5 0 2 For each feeding experiment, the signal time series was divided by the level 5 0 3 detected in the first frame. This relative signal was further normalised by the value of 5 0 4 the corresponding no-worm control at each time point to correct for the non-5 0 5 stationarity of the signal in the absence of feeding. Relative feeding rates were then 5 0 6 estimated by taking the derivative of the normalised signals over time. 
MATERIALS AND METHODS

